Rhizobia-mediated biological nitrogen (N) fixation in legumes contributes to yield potential in these crops and also provides residual fertilizer to subsequent cereals. Our objectives were to collect isolates of Rhizobium leguminosarum from several pea fields in Washington, examine genetic diversity among these isolates and several commercial isolates of R. leguminosarum, and compare genetically distinct isolates for their ability to fix N in a range of pea hosts. Seventy-nine isolates were collected from pea root from four noninoculated pea fields. Sequence-related amplified polymorphism (SRAP) markers generated by PCR were used to discriminate among isolates. Isolates fell into 17 clusters with robust bootstrap support values. Nearly half of the isolates fell into a single large cluster, but smaller clusters were also detected for isolates from all four field locations. The majority of commercial isolates fell into a distinct cluster. Four genetically distinct isolates were compared for their efficiency in fixing N in a greenhouse experiment. Host plant variety effects were significant for plant biomass due to N fixation and also for the quantity of N fixed per variety. Significant effects of R. leguminosarum isolates were observed for the quantity of N fixed per isolate, plant biomass, and the quantity of N per plant.
Introduction
Global demand for food will increase commensurately with a world population that may grow to reach 8.3 billion by 2025 [1] . Such increased demand will most likely occur in developing countries, many of which suffer from limited access to fertilizers and other exogenous farm inputs [1] . Furthermore, in the US, there are competing energy demands for limited supplies of natural gas required by the HaberBosch process in the nitrogen-(N-) fertilizer industry.
Rhizobia-mediated biological N fixation, which occurs on legume roots, can provide residual fertilizer to subsequent small grain crops. Specifically, rhizobiaceae are free-living diazotrophic saprophytes able to form nitrogen-(N-) fixed symbiotic associations with legumes by forming root nodules. Pea plants (Pisum sativum L.) are nodulated by Rhizobium leguminosarum bv. viciae [2] . The efficiency of biological N fixation is also influenced by many environmental factors including soil conditions, such as acidity, temperature, mineral nutrients, salinity, alkalinity [1] , high nitrogen and phosphorus levels [3] , and soil type [4, 5] . The influence of these environmental factors can be seen in the differences in the amount of N fixed in nodules of pea roots observed across different regions of pea production. For instance, the average N fixed by pea plants is 200 kg ha −1 in Europe [6] and 83 kg ha −1 in Australia, where peas are grown under rain-fed conditions [7] .
Legume-rhizobial symbiosis is species-specific, but some recent studies have found that this symbiosis may even be cultivar-strain-specific. That is, different varieties within the same plant species may prefer different optimal rhizobial strains for maximum N fixation. In several legumes, including pea (Pisum sativum L.) [8] and chickpea (Cicer arietinum L.) [9] , significant plant host, strain, and host x strain interaction effects have been observed on N fixation. Abi-Ghanem et al. [10] examined N fixation in growth chamber experiments using three yellow pea and two green pea cultivars, in which plants were inoculated separately with fifteen different R. leguminosarum bv. viciae commercial inoculants. Significant differences were observed among pea cultivars for the percentage of plant N supplied by bacterial N fixation and also for the number of root nodules formed per plant [10] . In the case of lentils, significant effects among different commercial inoculants were observed on the percentage of total plant N supplied by bacterial N fixation, whereas inoculant effects were not significant for peas [10] .
The significant effects of commercial inoculants on N fixation in pea observed by Abi-Ghanem et al. [10] cannot conclusively be due to genetic differences among R. leguminosarum bv. viciae isolates that constitute the various commercial inoculants. This is because no definitive proof has provided that the commercial inoculants were composed of genetically distinct bacterial isolates. This information is critical in determining if differences among commercial inoculants in their ability to fix N in legume hosts are due to genetic differences among bacterial strains or due to another component or process of the product formulation. Information on genetic diversity among bacterial isolates will also assist in assessing relatedness between indigenous R. leguminosarum bv. viciae strains and strains present in commercial inoculant preparations. Presently, it is not clearly known how commercial inoculants compete with indigenous R. leguminosarum bv. viciae strains. Examples have reported on both the inability of commercial inoculants to compete with indigenous strains [11] and the successful competitive ability of commercial inoculants [12] .
Applying genetic approaches to rhizobia analysis will better define plant-rhizobia interactions and processes involving nodulation and nitrogen fixation. Genetic diversity among rhizobial symbionts of diverse legume species has been observed based on restriction site polymorphism of 16S rRNA genes and by PCR DNA fingerprinting with repetitive sequences [13] . Genetic polymorphisms have previously been used to improve bacterial taxonomy and characterize novel strains Mesorhizobium trianshanense with better N fixing efficiencies [14] . The primary objectives of this study were to collect R. leguminosarum isolates from peas in Washington State and examine genetic diversity among these isolates and commercial strains using both 16S rDNA sequence analysis and sequence-related amplified polymorphisms (SRAP). Biological nitrogen fixation was also examined using different pea cultivars and a subset of genetically distinct isolates of R. leguminosarum bv. viciae.
Materials and Methods

Isolation of R. leguminosarum .
Plant and soil samples were collected from noninoculated pea fields in Whitman County, Washington, USA (Spillman, Shawnee, Oakesdale, Colton, and Colfax). Cultivars were Aragorn for all fields except Colton, where Banner peas were instead planted. Samples were collected at 15-20 cm depth following an W pattern across the field. Equal amounts of soil were sampled at 15-20 cm depths from five different locations within a field and mixed together. Soil samples were then commercially analyzed to assess soil acidity, nitrate-N, ammonium-N, sulfate-S, phosphorus, potassium, boron, zinc, manganese, copper, and iron contents (Soiltest Farm Consultants, Inc. Moses Lake, WA, USA). Twenty plants were selected based on the presence of rhizobial nodulation. Pea roots were thoroughly washed, and nodules were sterilized with 0.5% sodium hypochlorite for 1 min and then passed quickly through a flame for surface disinfection. Nodules were cut and squeezed to extract liquid containing inoculum, which was applied to an inoculation loop. Inoculum was streaked on yeast extract mannitol agar (YEMA) (Bacto, Inc., Sparks, MD, USA) plates and incubated at 28 ∘ C for 3 days, after which a single colony was picked and restreaked on another YEMA plate. A single colony from this was then used to inoculate sterile tubes containing 3 mL of yeast extract mannitol broth (YEMB) (Bacto, Inc., Sparks, MD, USA) and agitated at 250 rpm on an orbital shaker at 28 ∘ C for 5 days. An 800 L sample of each cultured strain was cryopreserved in 20% glycerol at −80 ∘ C. Commercial rhizobial strains used in this study were also stored at −80 ∘ C. The commercial strains of Rhizobium leguminosarum bv. viciae were obtained from cooperating companies. Novozymes Biologicals (Saskatchewan, Canada) provided eight strains (S007A-2, S008B-3, S012 A-3, S016B-4, S019A-1, S030A-4, S068A-1, and S007A-5); Becker Underwood (Iowa, USA) supplied five strains (P2, 082, 212-9, 213-5, ICAR 20), and EMD (Wisconsin, USA) provided three (EMD1, EMD2, and EMD3).
DNA Extraction and PCR.
Genomic DNA was extracted from the cultured strains using the Fast DNA SPIN kit (MP Biomedicals Inc., OH, USA) according to the manufacturer's instructions. DNA was quantified with a fluorometer (TD-700; Turner Designs, Inc., Sunnyvale, CA, USA) and diluted to 10 ng/ L for use in PCR. An 1340 bp product corresponding to nearly the full length of the 16S rRNA gene was amplified by PCR [15] using the forward primer fD1 (5 -AGAGTTTGATCCTGGCTCAG-3 ) and reverse primer rD1 ∘ C for 40 s, and 72 ∘ C for 1 min, and a final extension cycle at 72 ∘ C for 7 min. Amplicons were resolved on 1.5% agarose gels in TBE buffer (1 X TBE, 90 mM Tris pH 8.0, 90 mM boric acid, 2 mM EDTA), stained with ethidium bromide and visualized with UV light. Amplicons were purified using a SureClean purification solution (Bioline Inc., MA, USA) as per the manufacturer's instructions, and the purified DNA samples were then commercially sequenced (Elim Biopharmaceuticals, Inc., CA., USA). Sequences were edited, and a consensus sequence for each amplicon was ∘ C for 1 min, and a final extension at 72 ∘ C for 7 min. PCR products were resolved on 1.4% agarose gels in TBE buffer (1 X TBE, 90 mM Tris pH 8.0, 90 mM boric acid, and 2 mM EDTA) and run at 125 V for 3.5 hr. Gels were stained for 30 min in ethidium bromide, and amplicons were visualized with UV light.
Data Analysis.
Electrophoretic agarose gel images were scored visually for the presence or absence of polymorphic and monomorphic amplicons. All amplicons having molecular weights greater than 150 bp were included in the analysis. Mean genetic distance between all pairwise combinations was calculated using GenAlEx software [19] .
Cluster analysis was performed based on a previously described genetic distance method [20] . The unweighted pair group arithmetic average (UPGMA) method was used for analysis and a dendrogram was generated using PAUP software version 4.0 [21] . Bootstrap support for clusters was determined using 1000 permuted data sets [22] .
N Fixation Study.
Four strains isolated from four locations and with distinct genetic fingerprints were selected to assess N fixation. The selected isolates were designated as SP1; Oak1; Col1; and Sh2 and were collected from Spillman, Oakesdale, Colton, and Shawnee fields, respectively. The pea varieties selected for examination included three spring food grade green peas (Ariel, Aragorn, and Stirling) and two spring animal food grade yellow peas (Delta and Universal). Seeds were surface-disinfected with 0.5% sodium hypochlorite for three min and washed three times with sterile distilled deionized water. Seeds were germinated for five days on moist sterile filter paper at room temperature (22) (23) (24) ∘ C). At the day of planting in a greenhouse, seeds were sown, one per pot, in cones (6.4 cm × 36 cm) (SC10 container, Stuewe & Sons, Inc.) containing a mix of sterile sand, perlite, and LECA clay (2 : 1 : 1 by volume). Colony density was determined based on spectrophotometry (BioRad, Hercules, CA, USA) using the optical density measured at 640 nm. Each pot was inoculated with one of the selected R. leguminosarum strains using 1 mL of inocula containing 10 6 cfu mL −1 . Control plants were not inoculated with rhizobia. As previously described [23] , pots were placed in a plastic tray filled with N-free plant nutrient solution containing 1.0 mM K 2 SO 4 , 0. O. Pots were irrigated with 50 mL of sterile water on a daily basis for the first 2 weeks and then 3 times per week until harvesting occurred after 10 weeks, with the exception of the second set of the experiment, which was harvested after 8 weeks due to an infestation of mites in the greenhouse.
Upon harvesting, plant roots were washed, and the plants were dried at 60 ∘ C for 3 days and then weighed. Dried plants were passed through a Wiley mill to homogenize the sample and then powdered through a roller grinder. Total % nitrogen (N) and % carbon (C) were measured using an elemental combustion system (Costech Instruments, USA) and were then multiplied by the plant total biomass to determine the quantity of N per plant. The quantity of N fixed was estimated by subtracting the quantity of N of the control plants from those treated. Biomass resulting from N fixation was calculated by subtracting the total biomass of control plants from the total biomass of those treated. 
Experimental Design and Statistical Analysis. SAS Proc
Mixed procedure [24] was used for statistical analyses. The data were analyzed as a split plot analysis of variance in a completely randomized design. Rhizobia strain, pea variety, and their interactions were considered fixed effects with the three replicate flats considered random. Differences in measured biomass and the amount of N fixed for each experimental unit were calculated and tested for significance at ≤ 0.05 using Tukey's multiple comparison method.
Results
Strains Isolation and Identification.
A total of 79 rhizobial strains were isolated from pea root nodules. Comparison of the 16S rRNA gene sequences with GenBank accessions via BLAST search confirmed that the bacteria isolated from pea nodules and commercial isolates were R. leguminosarum.
Phylogenetic Analysis Based on 16S rRNA Gene.
The genetic diversity of native and commercial strains of Rhizobium based on sequence analysis of the 16S rRNA gene was represented by a phylogenetic tree. The tree revealed two clades with bootstraps exceeding 60% which did not demonstrate inter-or intrafield diversity among rhizobial isolates. Isolates from Shawnee appear to be more genetically diverse than those from other Palouse fields since they were found in both clades.
Phylogenetic Analysis Based on SRAP.
DNA of 79 native and 16 commercial rhizobial isolates was successfully amplified by the ten SRAP primer pairs, and a total of 102 markers were resolved. The number of markers produced by each primer set ranged from 8 to 14 with an average of 10 markers per primer pair. The most polymorphic markers were present in the ≤10% frequency class with an absence of monomorphisms ( Figure 1 ). The distance-based SRAP marker cluster analysis successfully discriminated the examined rhizobial isolates. A dendrogram revealed 17 clusters with bootstraps exceeding 60% (Figure 2 ). Nearly half of the isolates fell into a single large cluster (no. 1), but smaller clusters were also detected for isolates from all four field locations. Colton isolates were grouped into 2 lineages (clusters 1 and 2). Spillman isolates were grouped into 4 lineages (clusters 1, 3, 4, and 5). Shawnee isolates were grouped into 5 lineages (clusters 1, 9, 10, and 11). Oakesdale isolates were also grouped into 5 lineages (clusters 1, 6, 7, and 8). Colfax isolates were grouped into 5 lineages (clusters, 12, 13, 14, and 15). None of the isolates from Colfax were in cluster 1, the largest cluster identified in the analysis. Commercial strains were grouped into 3 lineages (clusters 1, 16, and 17). Shawnee field isolates had the highest mean genetic distance, while Spillman field isolates had the lowest mean genetic distance (Table 5) .
Soil Test Analysis.
Soil test results of the samples were obtained ( Table 2 ). The pH values ranged from 5.2 in Colton to 6 in Shawnee. Ammonium-N was lowest in a Colfax field not previously cultivated for over a decade. Nitrate-N was highest in Colton and Shawnee fields. Phosphorus, potassium, manganese, copper, and iron contents were highest in the Colton field. Boron content was lowest in Oakesdale and Spillman field, and zinc content was highest in Shawnee field.
Nitrogen Study.
Pea plant variety ( = 0.003) ( Table 3) and rhizobial strain ( = 0.003) ( Table 4 ) significantly influenced the quantity of N fixed. Ariel plant variety contributed to higher quantity of N fixed than Delta (Table 3) . The rhizobial strain (SP1) collected from Spillman field fixed greater quantities of N than Oak1 and Col1 (Table 4 ). The interaction between plant variety and rhizobial strain did not significantly influence total biomass nor the quantity of N Col1  Col2  Col3  Col4  Col5  Col7  Col8  Col9  Col10  Col11  Col13  Col15  Col16  SP1  SP5  SP8  SP9  SP10  SP13  SP14  SP15  SP16 [21] . Bootstraps values (1,000 replicates) are given at the branch nodes. Branches reproduced in less than 60% of bootstrap replicates were collapsed.
fixed. Pea plant variety ( = 0.036) ( Table 3 ) and rhizobial strain ( = 0.009) ( Table 4) significantly influenced total biomass due to N fixation.
Discussion
Chromosomal variation was previously reported to be limited in R. leguminosarum [25] . However, other studies demonstrated heterogeneity amongst strains within natural populations [26, 27] . The degree of heterogeneity depended on the method used to assess variation and also on the targeted characteristics [28] . In these previous studies, methods based on the characterization of 16S-23S ribosomal DNA internal transcribed spacer PCR-restriction fragment length polymorphism and plasmid group-specific rep-C PCR amplification were used [3] . In other studies, rhizobial symbiont genetic diversity was determined by mapping restriction site polymorphism of the 16S rRNA genes and by PCR DNA fingerprinting with repetitive sequences [13] . In this study, SRAP markers were used to examine genetic diversity among isolates of R. leguminosarum bv. viciae. The phylogenetic tree constructed by SRAP analysis demonstrated higher variability among rhizobial isolates than that from 16S rRNA sequences. The distinct nature of Rhizobia from the Colfax field (Figure 2 ), which had not been cultivated for over a decade, may be attributed to selection pressures associated with the lack of cropping or agrichemical inputs at this location. In contrast to the Spillman field isolates having the lowest mean genetic distance, Shawnee and Colton fields 6 ISRN Soil Science isolates demonstrated higher mean genetic distance, which may reflect a higher diversity of R. leguminosarum isolates within the fields. Previous studies have demonstrated a significant influence of plant variety on N fixation. Bello et al. [29] found 70% and 25% variability in kg N fixed ha −1 among three soybean varieties at two sites. Hafeez et al. [30] found 9%-48% PNF (proportion of plant N supplied by fixation) and 81% variability among Pakistani lentil varieties in a field trial. Abi-Ghanem et al. [10] found significant but relatively low 14.4% and 4.7% PNF variability among five USA lentil and pea varieties, respectively. In this study, host-plant variety significantly influenced the quantity of N fixed, suggesting the possibility of breeding for increased N fixation.
Averaged across all plant varieties, rhizobial strain significantly contributed to increased pea plant total biomass and quantity of N per plant. The rhizobial strain Sh2 in cluster 7 significantly had higher quantity of N fixed than Oak1. The rhizobial strain SP1 from Spillman field had higher quantity of N fixed than the Oak1 and Col1 clustered in the same cluster 2 (Figure 2) , suggesting that the clusters identified in this study are not representative of differences among isolates in their ability to fix N. The higher quantity of N fixed in the Spillman field strain may have been attributed to selection pressures encountered in this field, which had an optimal soil pH of 5.8 and low level of nitrate-N of 6.5 mg⋅kg −1 [31] .
The results presented in this study clearly demonstrate genetic differences among isolates of R. leguminosarum bv. viciae both within and between fields. Additional genetic analysis of the isolates examined in this study should allow for increased separation of isolates into distinct lineages. Continuing to examine genetic diversity among rhizobia isolates collected from peas grown in these same field locations will provide opportunities to examine changes in R. leguminosarum bv. viciae population dynamics associated with cultural practices.
